For many years, neuronal K' channels were pharmacological orphans, essential membrane proteins against which' no natural toxins were known. While biochemically and physiologically useful high affinity ligands had been identified for Na', Ca2+, and many ligand-gated channels, the best blocker available for K+ channels was tetraethylammonium. In 1982, this situation changed with the discovery by Possani and colleagues (Carbone et al., 1982; Possani et al., 1982) of a peptide in the venom of the scorpion Centruroides noxiusthat inhibited K+ currents in theclassical electrophysiological preparation, the squid giant axon. In the ensuing years, a large collection of homologous peptides from scorpions was identified, and these were all found to block either of two major classes of K+ channels, voltage-gated (Kv-type) and high conductance Ca'+-activated (BK-type) K' channels. These toxins inhibit in the 1 pM to 10 nM concentration range, and they act only on K+ channels. My purpose here is to summarize the molecular characteristics of these toxins and to indicate the unique kinds of molecular information they have provided about the K+ channels that act as their receptors. I will not discuss any of the other classes of peptide toxins against K' channels now recognized, such as apamin (Hughes et al., 1982) leiurotoxin (Chicchi et al., 1988) , or dendrotoxin (Parcej and Dolly, 1989; Hurst et al., 1991) . First, a word-boring but necessary-on the nomenclature of these peptides, which have been named either whimsically or according to the scorpion species in which the peptide is found. This is an unsatisfactory situation in view of the expanding list of toxin homologs. Whimsical names provided an amusing mnemonic device when only a handful of such toxins had been identified, but our limited imaginations cannot sustain this practice for long; speciesbased names present a double difficulty, since each venom is packed with multiple isoforms, and since very similar toxins are found in widely different species. Accordingly, I suggest a formal name for this family of scorpion venom peptides: the "a-K-toxins," abbreviated "a-KTxmn," using a subfamily nomenclature that mirrors modern usage for the K+ channels themselves. Thus, according to the molecular subfamilies shown in Table 1 , charybdotoxin will be called a-KTxl .l, noxiustoxin a-KTx2.1, agitoxin 2 a-KTx3.2, etc.
Biology
The biological role of these K' channel toxins is unknown in detail, but they certainly contribute to the neurotoxicity of the venoms. Though the toxins have been conserved since the split between new and old world scorpions, they are always found as minor components (0.01 O/o-0.5%) of the venoms, at far lower abundance than the major species of toxic peptides, which are directed against Na+ channels. Electrophysiologically, the Na+ and K'channel toxins cooperate with a determined depolarizing purpose: the former by holding Na+ channels open, the latter by blocking the repolarizing K+ currents. The venoms massively disrupt neuronal activity by producing repetitive firing followed by long-lived depolarization.
Field toxicology questions about the biological role of specific peptides are difficult to approach systematically, since a typical scorpion venom contains, among its -50 distinct peptides, several isoforms each of Na+ channel and K+ channel toxins Here is a speculation about the function of K+ channel toxins in a venom rich with Na+ channel toxins. The Na' channel toxins work by binding preferentially to, and thus stabilizing, the channel's open state; the Na+ channel toxins are thus use dependent in action and require the neuron to be depolarized before binding can occur Catterall, 1977; Catterall, 1980) . The K+ channel toxins, however, are not so constrained and bind well to both open and closed states of K+ channels (Anderson et al., 1988; Park and Miller, 1992a; Goldstein and Miller, 1993) . These toxins, therefore, would act as initiators to elicit immediate depolarization, thus rendering the Na+ channels susceptible to the abundant Na+ toxins in the venom.
a-KTx Molecular Families
All a-KTx peptides characterized so far share obvious sequence similarities (Table 1 ). All are 37-39 residues in length and have 6 easily aligned cysteine residues. The last 3 cysteines participate in a conserved sequence, which makes up much of the active site of the molecule:
where the charybdotoxin numbering convention is used, [ *] represents a gap or a small residue, ( f ) is a charged residue, and (X) is variable.
Closer examination of the sequences alone, combined with a little subjective hairsplitting, shows that the toxins fall into at least three subfamilies. Charybdotoxin-like toxins, subfamily 1 in Table 1 , all have F at position 2 and W at position 14. Likewise, the noxiustoxin-like peptides (subfamily 2) have a small-residue insertion between G26 and K27, while kaliotoxin-like peptides (subfamily 3) display a point deletion between the third and fourth cysteines (probably at position 21).
The functional specificities of the toxins support the usefulness of these sequence-based distinctions. All the subfamily 1 toxins potently block BK channels (e.g., of the slowpoke type), while the subfamily 2 and subfamily 3 toxins block only Kv channels (e.g., Shakerand Kvl.3). Within subfamily 1, a-KTxl .l and a-KTxl.2 are broad specificity toxins that block K' channels in both families Lucchesi et al., 1989 ) while a-KTxl.3 and Sequences of charybdotoxin rsoforms that have been characterized to date. Abbreviation for common names are shown, along with proposed formal names, according to a-KTx nomenclature.
a-KTxl.4 are apparently specific for the BK variety (Galvez et al., 1990; Giangiacomo et al., 1993) . I wish to make one emphatic point about specificity. These toxins should not be considered pharmacological tools that reliably dissect the numerous K+ currents found in neurons! We now have many examples of K+ channels with similar functional behavior but huge differences in sensitivities to toxin homologs, or, conversely, with large functional differences but similar toxin affinities. In several cases, we understand the molecular basis underlying these varied toxin susceptibilities: slight sequence variations in the a-KTx receptor domain of the channels, differences that have no consequences for channel gating behavior. For instance, alteration of only 2 residues in the Shaker channel increases the binding affinity of a-KTxl .l five orders of magnitude (Goldstein and Miller, 1992) ; likewise, the Kv2.1 channel, which is insensitive to a-KTx3.2, can be increased in sensitivity by at least six orders of magnitude by altering only 4 residues to those found in the Kvl.3 channel (Gross et al., 1994) . Thus, the K'channel field has avoided deluding itself into assigning channel genotype on the basis of pharmacological phenotype (a mistake, it seems to me, that is sometimes embraced enthusiastically in the Ca2+ channel field).
Toxin Structure and Mechanism of Block Multidimensional nuclear magnetic resonance methods have been used to determine the solution structuresof four of these toxins: a-KTxl .l (Bontems et al., 1991) a-KTxl.2 (Johnson and Sugg, 1992 ) a-KTx2.2 (Johnson et al., 1994 ) a-KTx3.1 (Fernandez et al., 1994 ) and a-KTx3.2 (Krezel et al., 1995) . All show nearly identical polypeptide backbones consisting of a two-or three-turn a helix affixed by disulfide bonds to a three-stranded 8 sheet (Figure 1) . The three disulfide bonds maintain the peptide's structural rigidity and wholly make up the internal volume of these miniglobular proteins. All other side chains are surfaceexposed and project into aqueous solution.
Reconstitution of single BK channels offers exceptional opportunities for examining toxin-channel interaction in mechanistic detail. Most of our understanding of how the peptide inhibits the channel comes from such studies on two toxins: a-KTxl .l and a-KTxl.3. All evidence points to a simple bimolecular "plugging" mechanism, in which a single toxin molecule finds a specific receptor site in the external vestibule of the K+ channel and thereby occludes the outer entry to the K' conduction pore (Anderson et al., 1988; MacKinnon and Miller, 1988; Miller, 1988; Park and Miller, 1992a; Giangiacomo et al., 1992) . The demonstration that these toxins can be driven off the receptor site Coordinates determined with nuclear magnetic resonance are from Bontems et al., 1991. l specificially by K' ions coming through the pore from the opposite side is a particularly strong indicator of the close apposition of the a-KTx receptor and the ion-selective pore, This blocking mechanism, initially worked out with single BK channels, was recently confirmed for Kv channels (Goldstein and Miller, 1993) .
The entire molecular surface of one of these toxins, a-KTxl .l, has been functionally mapped by mutagenesis to identify that part of the toxin making direct contact with the K+ channel (Park and Miller, 1992a; Stampe et al., 1994; Goldstein et al., 1994) . A synthetic gene for the toxin was expressed in bacteria, multiple point mutants were made at each solvent-exposed position, and each of these -100 toxin variants was tested on both bilayerreconstituted, Ca2+-activated K+ channels and oocyteexpressed, Shaker-type K+ channels, A clear picture of the a-KTx interaction surface emerged from this work ( Figure  2A ). The interaction surface for Ca'+-activated K'channels is composed of 8 residues that are contiguous in space (but not in sequence); for the Shaker channel, the interaction surface is slightly smaller, with 5 of these residues involved. The most sensitive residues are all found in the conserved sequence that defines the a-KTx family of peptides: K27, M29, and N30. By far the most important of these is K27; for example, in the Shakerchannel, a conservative mutation of this lysine to arginine destabilizes the toxin over 1 OOO-fold. These crucial residues all project side chains off the second and third strands of the 5 sheet (Table 1 , (j2 and (j3); most residues in the a helix project far away from the interaction surface, on the "back" side of the molecule. It is telling that among the extra residues in the larger interaction surface for the BK channel are F2 and W14, which are seen only in the toxins known to block BK channels, a-KTxl .n and a-KTxl.4.
Besides being the residue most sensitive to mutation, K27 is unique in a palpably interpretable way Miller, 1992a, 1992b) . This residue is known to project slightly into the K+ conduction pore, and hence must be located physically close to the central axis of the K+ channel. This assertion is based on the fact that K27 mediates the repulsion between K' ions in the pore and the bound toxin. As mentioned above, K+ ions in the pore destabilize bound toxin. This is by itself not particularly surprising, since most a-KTx peptides carry a lot of positive charge, which could interact electrostatically with K' ions nearby in the pore. What is both surprising and mechanistically informative is that this interaction with K' ions is wholly mediated by a single postively charged residue, K27. If K27 is neutralized, the destabilizing effect of K' ions is lost completely; no other toxin residue has this property. Such a direct interaction between this one lysine group and K+ ions occupying binding sites within the conduction pore places K27 within a few angstroms of the channel's four-fold axis of symmetry (Stampe et al., 1994) . It is as though a-KTx family peptides have evolved to attack K+ channels specifically by using the E amino group of K27 as a chemically achievable approximation to a "tethered K' ion."
The localization of K27 permits a rough picture of the shape of the toxin's three-dimensional footprint on the channel (Goldstein et al., 1994; Stampe et al., 1994; Hidalgo and MacKinnon, 1995) . Since the channel is fourfold symmetric around the central pore, it presents four equivalent orientations for a-KTx binding (MacKinnon, 1991) . Theshape of this receptor is assumed to be complementary to the shape generated when the interaction surface (Figure 28 ) is stamped out four times around an appropriate axis. With this axis on K27, the a-KTx receptor emerges as a rather flat plateau 25 x 35 A wide, surrounded by a low (lo-15 A) wall at the outer end of the narrow pore. Geometrical considerations demand that toxin bound to its receptor touches all four channel subunits simultaneously and eccentrically (Stampe et al., 1994; Hidalgo and MacKinnon, 1995) .
Though a-KTxl.l is the only toxin that has been functionally mapped in this way, it is likely that the conclusions drawn for this toxin will apply broadly to the others. In particular, the sequence and structural similarities, along with the common mechanism of action, argue that all a-KTx homologs will expose interaction-surface residues off the 6 sheet, with K27 making intimate contact with the central pore.
The a-KTx Receptor and the K+ Channel Vestibule A major motivation for examining a-KTx peptides in such detail is the expectation that, by virtue of their known structures, the toxins might tell us something about the K+ channel, whose structure is, of course, understood only in the vaguest terms. This expectation is being fulfilled; these toxins have indeed revealed structural and molecular features of these channels. The identification, by conventional mutagenesis of the Shaker channel, of negatively charged residues contributing to the binding energy of a-KTx peptides (MacKinnon and Miller, 1989) immediately pointed to the region of channel sequence likely to be carrying pore-lining residues, which had not at that time been found for voltage-gated ion channels. As a result, the P region of voltage-gated K+ channels was quickly found by several groups (Yellen et al., 1991; Hartmann et al., 1991) . This stretch of about 40 residues lying between S5 and S6 in voltage-gated K+ channels (Figure 3 ) is now known to contain all the a-KTx receptor determinants (MacKinnon et al., 1990; Goldstein et al., 1994) as well as the pore-lining residues most crucial for ion selectivity (Kirsch et al., 1992; de Biasi et al., 1993; Heginbotham et al., 1993) .
Besides pointing to the pore-forming sequences of K+ channels, analysis of a-KTx block showed that these channels are tetrameric, a result expected but not demonstrated. Using a Shaker point mutant that disrupts a-KTx3.2 binding in a recessive fashion, MacKinnon (1991) showed that the channel presents four energetically equivalent orientations for toxin to bind, as expected for a fourfold symmetric tetramer.
By performing scanning mutagenesis on the P region of the Shaker K+ channel, MacKinnon et al. (1990) identified the residues affecting a-KTx3.2 block, and these were confirmed for a-KTxl .l (Goldstein et al., 1994) . These residues lie in the two wings of sequence flanking the strongly conserved P region hairpin (Figure 3 ). Residues N-terminal to position 425 and C-terminal to position 451 influence a-KTx block only weakly, probably by through-space electrostatic effects (MacKinnon and Miller, 1989; MacKinnon et al., 1990; Goldstein et al., 1994) ; strong influences, manifested in greatly altered dissociation rates of toxin, appear abruptly between these positions, as if reflecting the toxin's one-dimensional footprint covering the outer part of EAGSENSF,,,FK,,,SIPD,,,* * * * * * MT,,PVGVWGK -. The a-KTX receptor determinants in voltage-gated K' channels are shown in the context of the molecular architecture of these channels. All known receptor determinants are found on the two sides of the selectivity-determining region (P). The a-KTX receptor sequence of the Shaker K'channel is shown, with toxin-mapped residues indicated. Solid bar indicates the charybdotoxin "footprint'in the linear sequence. Residues with numbered positions are those that have been located in three-dimensional space by toxin-receptor comutagenesis. the pore. This footprint is located precisely where, in the absence of any direct molecular information, the poreblocking mechanism had predicted that it should be (Park and Miller, 1992b) ; this harmony between mechanistic expectation and molecular fact is a powerful corroboration of the direct pore-plugging mechanism of a-KTx action.
After locating on both toxin and channel the residues involved in binding, the next step has been to match these up, identifying pairs of residues, one each on channel and toxin, that interact in the bound complex. At this writing, four such interaction partners have been located. Such partners are indicated from the energetics of binding when four sets of mutants are examined. For example, when Shaker carries a small residue at position 425, then a-KTxl .l binds equally well, regardless of the size of the residues at positions 8 and 9; however, if the channel is given a large residue at this position, binding becomes sensitive to the size of the residues at these positions on the toxin (Goldstein et al., 1994) . This argues that the "bump" formed by positions 8 and 9 on the toxin surface makes steric contact with a large residue at position 425; this contact, in combination with the known structure of the toxin and the central location of K27, places this Shaker residue at a fixed position in three-dimensional space with respect to the pore axis. Variations on this method using electrostatic interactions between residue pairs (Stocker and Miller, 1994) , and a thermodynamic cycle analysis of such mutant pairs , have estimated in addition the locations of Shaker residues 427, 431, and 449 ( Figure 4 ). This cartoon of the outer vestibule of the Shaker K+ channel places specific residues in the P region on the topographic map of the vestibule deduced from four-fold rotation of the complementary shape of the a-KTxl .l interaction surface about K27.
Conclusion
The a-KTx family of K' channel blockers is providing a rich collection of informative molecular probes for the K' channels. Moreover, they have given us the first glimpse of the size and shape of a mechanistically interesting part of K+ channels: the outer opening of the ion conduction pore. They are just beginning to facilitate protein-level biochemical approaches to these channels as well (Vazquez et al., 1989; Knaus et al., 1994; Garcia-Calvo et al., 1994; Sun et al., 1994) since they bind only to the fully assembled tetrameric channel. We can expect that many more such toxins, with unexpected specificites, will be described in the coming years, since many scorpion venoms remain uninvestigated. These peptides have found utility at the intersection of several lines of molecular neurobiology: pharmacology, biochemistry, and structure-function analysis of K+ channels. June 14. 1995 
